Jmjd6 (jumonji-domain-containing protein 6) is an Fe(II)-and 2OG (2-oxoglutarate)-dependent oxygenase that catalyses hydroxylation of lysine residues in proteins involved in premRNA splicing. Jmjd6 plays an essential role in vertebrate embryonic development and has been shown to modulate alternative splicing in response to hypoxic stress. In the present study we show that an alternatively spliced version of Jmjd6 lacking the polyS (polyserine) domain localizes to the nucleolus, predominantly in the fibrillar centre. Jmjd6 with the polyS domain deleted also interacts with nucleolar proteins. Furthermore, coimmunoprecipitation experiments and F2H (fluorescent 2-hybrid) assays demonstrate that Jmjd6 homo-oligomerization occurs in cells. In correlation with the observed variations in the subnuclear distribution of Jmjd6, the structure of Jmjd6 oligomers in vitro changes in the absence of the polyS domain, possibly reflecting the role of the polyS domain in nuclear/nucleolar shuttling of Jmjd6.
INTRODUCTION
Jmjd6 (jumonji-domain-containing protein 6) is highly conserved throughout animal evolution and plays an important role in embryonic development. Various Jmjd6 loss-of-function experiments in vertebrates displayed severe developmental defects and embryonic lethality (reviewed in [1] ). Jmjd6 is an Fe(II)-and 2OG (2-oxoglutarate)-dependent oxygenase that catalyses hydroxylation of lysine residues in splicing-associated proteins and modulates alternative splicing [2] [3] [4] . One established target of Jmjd6 is splicing factor U2AF65 (U2 small nuclear ribonucleoprotein auxiliary factor 65-kDa subunit) [4] . Recently Jmjd6 has been suggested to be also involved in epigenetic regulation via hydroxylation of lysine residues in histones [5] .
In addition to the 'catalytic' JmjC domain of Jmjd6, conserved sequence motifs are present; these include NLSs (nuclear localization sequences), an AT-hook motif (residues Lys 300 -Ser 309 ) and a SUMOylation site (Leu 316 -Glu 319 ) [6, 7] . Jmjd6 also contains a polyS (polyserine) region comprising 16 serine residues interrupted by four aspartate residues (Ser 340 -Ser 359 ). Jmjd6 splice variants have been reported which lack this polyS region [7] . The Jmjd6 polyS region is highly conserved [8] and expected to be largely unstructured [9, 10] .
In some bacterial extracellular modular carbohydratedegrading enzymes, polyS regions have been predicted to act as flexible linkers, which connect substrate binding and enzymatic domains [11] . Similar to Jmjd6, some of the eukaryotic serinecontaining proteins are linked to pre-mRNA splicing, e.g. SRrp37 and RNPS1 [12, 13] . However, the function of the polyS domains is unknown in these proteins.
Many 2OG oxygenases form dimers, for instance, homodimerization of FIH [factor inhibiting HIF (hypoxia-inducible factor)] [14] , the catalytic domain of which is related to that of Jmjd6, is mediated by two C-terminal α-helices [15] and is required for substrate binding [16] . 2OG oxygenases and related enzymes can also exist in oligomeric forms, including tetramers [17] and hexamers [18] . A crystal structure of a C-terminally truncated form of human Jmjd6, lacking residues 344-403, showed homodimerization via the N-terminal helix 4 (residues Glu 61 -Lys 68 ) and the C-terminal helix 13 (Glu 322 -Gln 334 ) of each subunit, which form a 'pseudo-4-helix bundle' [19] . A second crystal structure of full-length Jmjd6 revealed a monomeric form [10] ; however, this structure was in complex with a Fab fragment, which may have hindered dimerization. Evidence for higher order oligomers of Jmjd6 has also been described in solution studies [20] [21] [22] .
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In the present paper we report cell-based studies demonstrating that the Jmjd6 polyS domain is involved in bidirectional nucleoplasmic-nucleolar shuttling of Jmjd6 and that its presence/absence regulates subnuclear localization of Jmjd6. TEM (transmission electron microscopy) studies show that the overall oligomeric structure of Jmjd6 changes from rings to fibrils when the polyS domain is deleted. We propose that the effects of the polyS domain on Jmjd6 structure are linked to its role in regulating localization.
EXPERIMENTAL Cell culture, transfection and immunostaining
HeLa cells and HEK (human embryonic kidney)-293T cells were cultured in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10 % FBS, penicillin (100 units/ml) and streptomycin (100 μg/ml) at 37
• C with 5 % CO 2 . For microscopy, HeLa cells were grown to 50-70 % confluence on 18 mm×18 mm glass coverslips and transfected with expression constructs using Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instructions. At 24 h post-transfection, cells were fixed with 4 % paraformaldehyde (15 min at room temperature) and permeabilized with 1 % Triton X-100 in PBS. Mouse anti-UBF (upstream binding factor) (SC-13125, Santa Cruz Biotechnology), mouse anti-SC35 (ab11826, Abcam), rabbit anti-UBTF (HPA006385, Sigma) and mouse anti-Jmjd6 (mAB328) [20] were used as primary antibodies, Cy3 (indocarbocyanine)-coupled anti-mouse (Jackson Immuno Research), Alexa Fluor ® 647-coupled anti-mouse (Invitrogen) and Alexa Fluor ® 488-coupled anti-rabbit (Invitrogen) were used as secondary antibodies.
TEM
Jmjd6 constructs were cloned into the pET28b( + ) vector and then expressed with an N-terminal His tag in Escherichia coli, with purification using a nickel affinity column as described previously [4] . In order to avoid aggregation of protein over the time and by repeated freeze-thaw cycles, once purified, the protein was concentrated and then buffer exchanged with a low glycerol concentration buffer (50 mM Tris/HCl, 300 mM NaCl and 5 % glycerol, pH 7.5) using Micro BioSpin columns (Bio-Rad Laboratories). Sample grids for TEM analysis were prepared immediately after protein preparation. Jmjd6 (wild-type or truncated constructs) was applied at 0.03 mg/ml to TEM grids and stained with 2 % uranyl acetate. Electron micrographs were recorded (×45 000) using a FEI-Phillips CM120 EM. Images were digitized on a Nikon Super Coolscan 9000 [step size of 12.5 μm with a pixel size of 2.78 Å (1 Å = 0.1 nm)]. WEB and SPIDER software [23] were used for image processing. A total of 4736 particles were windowed, subjected to reference-free alignment, and sorted into classes using the K-means clustering [24] .
SEC (size-exclusion chromatography)
Gel-filtration chromatography was performed at 4
• C using a 30 ml Superdex 200 column and anÄKTA purifier FPLC (GE Healthcare) using 20 mM Hepes, pH 7.5, as elution buffer at a flow rate of 0.8 ml/min. The gel-filtration column was calibrated using 20 mM Hepes, pH 7.5, with molecular mass markers (blue dextran, 2000 kDa; bovine thyroglobulin, 669 kDa; equine apoferritin, 443 kDa; Streptomyces cattleya ThnG, 291 kDa; and cytochrome c, 12.3 kDa). Protein elution was monitored at 280 nm and results were analysed using Unicorn software (version 5.10).
Co-IP (co-immunoprecipitation) experiments
HeLa cells were transiently transfected with HA (haemagglutinin)-tagged full-length Jmjd6 and either GFP or a GFP-tagged Jmjd6 variant. The GFP-nanotrap (ChromoTek) has been used for immunoprecipitation as described previously [4] . Primary antibodies for Western blotting were mouse anti-GFP antibody (11814460001, Roche) and rabbit anti-HA antibody (H6908, Sigma).
F2H (fluorescent 2-hybrid) assay
Transgenic BHK (baby hamster kidney) cells (clone 2) containing lac-operator repeats [25] were transiently transfected with Jmjd6-pF2H-bait (triple fusion protein of Jmjd6, RFP and lac repressor) [26] and co-transfected with either NLS-GFP, Histone 2B-GFP, Jmjd6-GFP or an inactive Jmjd6 variant (H187A/D189A)-GFP. Formaldehyde-fixed (3.7 % in PBS) cells were analysed 24 h posttransfection by using a Leica TCS SP5 II. 
3D-structured illumination microscopy
HeLa cells were fixed for 10 min with 2 % formaldehyde and washed with PBST (0.02 % Tween 20 in PBS). Cells were quenched in saturated glycine solution and permeabilized for 10 min with 0.5 % Triton X-100 in PBS. Blocking was performed in 2 % BSA and 0.5 % fish skin gelatin. Primary antibodies used for immunostaining were: rabbit anti-Jmjd6 (ab10526, Abcam) and mouse anti-SC35 (ab11826, Abcam). Secondary antibodies (Invitrogen) were coupled to Alexa Fluor ® 488 and Alexa Fluor ® 594. To enhance GFP signals, the GFPBooster_Atto488 (ChromoTek) was used. Cells were post-fixed with 4 % formaldehyde in PBS and counterstained with 200 ng/ml DAPI in PBST for 10 min. Cells were mounted on to microscopy slides with Vectashield mounting medium (Vector Laboratories) and imaged using the DeltaVision OMX microscope (Applied Precision).
In-gel trypsin digestion
Trypsin digestion of samples run on 4-12 % NuPage gels (Invitrogen) were prepared for MS analysis as described previously [27] . In brief, gel bands stained with Coomassie Blue (Imperial TM Protein Stain, Thermo/Pierce) were cut into small pieces (approximately 1 mm 3 ). Destaining solution (50 % methanol and 5 % acetic acid) was added, and the solution was shaken (∼ 350 rev./min) for 2-3 h, the destaining solution was then removed, 200 μl of the same solution was added and left overnight under the same conditions. The destaining solution was then removed, 200 μl of acetonitrile was added and the solution was left for 5-15 min (until the gel pieces had shrunk and whitened). The acetonitrile was then pipetted off and the gel pieces were dried by centrifugation in vacuo (Heto/Eppendorf vacumn concentrator) for 5 min. Subsequently, reduction was carried out with DTT (10 mM), followed by alkylation with iodoacetamide (100 mM). Trypsin digestion for MS analysis was then carried out whereby the excised gel pieces, which were subjected twice to hydration and dehydration using destaining solution and acetonitrile respectively, followed by overnight incubation at 37
• C with trypsin (20 ng/μl) in 100 mM ammonium bicarbonate (pH 7.8) digestion buffer. The final samples were redissolved in 0.1 % formic acid and 2 % acetonitrile and stored at − 20
• C until analysis.
Protein analysis by MS
The digested material was subjected to nano-UPLC (ultra performance liquid chromatography)-MS/MS (tandem MS) analysis using a 75 μm-inner diameter×25 cm C 18 nanoAcquity TM UPLC TM column (1.7-μm particle size; Waters) and a 90 min gradient of 2-45 % solvent B (solvent A, 99.9 % H 2 O and 0.1 % formic acid; solvent B, 99.9 % acetonitrile and 0.1 % formic acid) on a Waters nanoAcquity UPLC system [final flow rate, 250 nl/min; 7000 psi (1 psi = 6.9 kPa)] coupled to a Q-TOF Premier tandem mass spectrometer (Waters) run in positive ion mode. MS analysis was performed in DDA (datadirected analysis) mode (MS to MS/MS switching at precursor ion counts greater than 1 and MS/MS collision energy dependent on precursor ion mass and charge state). All raw MS data were processed using the PLGS software (version 2.3), including deisotoping and deconvolution (converting masses with multiple charge states to m/z = 1). The mass accuracy of the raw data was corrected using Glu-fibrinopeptide (200 fmol/μl; 700 nl/min flow rate; 785.8426 Da [M + 2H] 2 + ) that was infused into the mass spectrometer as a lock mass during analysis. MS and MS/MS data were calibrated at intervals of 30 s. MS/MS spectra (peak lists) were searched against the UniProtKB/Swiss-Prot human database using Mascot version 2.3.01 (Matrix Science) and the following parameters: peptide tolerance, 0.2 Da; 13 C = 1; fragment tolerance, 0.1 Da; missed cleavages, 2; instrument type, ESI-Q-TOF; fixed modification, carbamidomethylation (C); and variable modifications, deamidation (N, Q) and oxidation (M, K). The interpretation and presentation of MS/MS data were performed according to published guidelines [28] .
FRAP and FLIP (fluorescence loss in photobleaching)
FRAP and FLIP experiments were performed on an UltraView VoX spinning disk microscope system (PerkinElmer) using a 63×/1.4 numerical aperture Plan Apochromat oil-immersion objective. The system was equipped with a heated environmental chamber set to 37
• C and CO 2 perfusion set to 5 %. For FRAP experiments, time series were recorded with the 488 nm laser attenuated to 20 % transmission and exposure times of 147 ms. For each FRAP experiment, 20 prebleach timepoints were recorded before bleaching a nucleolar spot of 3 μm diameter for 0.67 s with the 488 nm laser set to 100 % transmission. Fluorescence recovery was then followed for 200 timepoints at a rate of 6.6 fps (frames/s) and 180 timepoints at a rate of 1.9 fps. FRAP experiments were quantitatively analysed using ImageJ (NIH) as described previously [29] . Series were converted into 8-bit and Gauss-filtered (2 px radius). The mean fluorescence intensity of the bleached and unbleached regions were background subtracted and normalized. The results of at least 16 measurements were averaged for each construct. For each time series the half-time of recovery was determined and the mean + − S.E.M. was calculated. For FLIP analyses a defined nucleoplasmic spot of 3 μm diameter was constantly bleached every 0.4 s. Fluorescence intensity in a nucleolar region was analysed over 45 s.
BIFC (bimolecular fluorescence complementation) assay
The full-length human Jmjd6 sequence was cloned into YN and YC plasmids respectively, as described previously [30] . YC-Fos and YN-Jun were used as control plasmids, as they have been shown to interact previously [30] . BIFC analyses were performed in HeLa cells.
Reverse transcription-PCR for amplification of alternatively spliced JMJD6 mRNA
Total RNA was isolated from HeLa cells, reverse transcribed and amplified with primers hybridizing in exon 3 (5 ) and 5 or 6 (3 ) respectively. The PCR products were sequenced and revealed the presence of a Jmjd6 splice variant, including alternative exon 5. In order to obtain the complete 3 -sequence of this splice variant, PCR was carried out with exon 3 and oligo(dT) primers. After sequencing, the presence of cDNA encoding the Jmjd6 splice variant Hs3 [7] was confirmed.
RESULTS

Jmjd6 is localized in the nucleoplasm and to a lesser extent in the nucleolus
High-resolution microscopy and 3D-SIM (3D structured illumination microscopy) reconstruction [31] of HeLa cell nuclei stained with an anti-Jmjd6 antibody revealed the exclusively nuclear distribution of the Jmjd6 protein. Co-staining with an antibody against SC35, a general marker for interchromatin granule clusters, demonstrates that the majority of Jmjd6 is not associated with nuclear speckles ( Figure 1A) . Moreover, the images indicate the presence of some endogenous Jmjd6 in the nucleoli. Nucleolar Jmjd6 localization is more apparent in cells overexpressing GFP-tagged Jmjd6, which was found inside the nucleoli in well-defined dots (Figure 2A) .
We also observed that the relative amount of nucleolar Jmjd6 varies in different cell lines, being slightly stronger in mouse C2C12 cells than in HeLa cells. Moreover, the nucleolar signal was dependent on the anti-Jmjd6 antibodies we used. A strong Jmjd6 signal in nucleoli was detected with antibodies raised against epitopes within the first 300 amino acids of the wild-type Jmjd6 sequence, for instance, anti-Jmjd6 antibody sc-28348 (Santa Cruz Biotechnology) or mAB328 [20] . In contrast, the anti-Jmjd6 antibody ab10526 (Abcam), which recognizes an epitope in the C-terminal part of Jmjd6 (amino acids 364-372) [20] , led to the observation of very little nucleolar anti-Jmjd6 staining ( Figures 1B-1F ). These observations motivated us to investigate the role of the different Jmjd6 domains in determining subnuclear localization. (Figures 2A and 2B ). However, a striking change in nuclear Jmjd6 distribution is observed after deletion of residues 338-403, including the polyS region. PolyS-truncated Jmjd6 appears in distinct areas in the nucleoplasm with a significant amount in spots within the nucleolus ( Figure 2C) . A very similar pattern was obtained when we specifically deleted the polyS region from full-length Jmjd6 and replaced it with three alanine residues (PolySA-Jmjd6) ( Figure 2D ). Finally, we expressed the putative translational product of a splice variant of human Jmjd6 described in [7] , which lacks the polyS domain ( Figures 2E and 2F) . The cDNA for this splice variant was obtained after reverse transcription of HeLa cell mRNA. This protein localizes to nuclear speckles and the nucleolus in a similar manner to polySA-Jmjd6 ( Figure 2E ). Taken together, these results identify the polyS region as being, at least in part, responsible for the observed substantial changes in localization of Jmjd6. They also suggest that endogenous Jmjd6 in the nucleolus may be an alternatively spliced variant that lacks the polyS domain. This idea is supported by the failure of antibody ab10526 (C-terminal epitope residues 364-372) to recognize nucleolar Jmjd6.
Next, we analysed the sub-nucleolar localization of 338-403-Jmjd6, lacking the polyS region. We used markers for three morphologically distinct nucleolar compartments; the FC (fibrillar centre) and the DFC (dense FC), which is embedded in the GC (granular centre) [32] (Figure 3A) . We observed exclusion of 338-403-Jmjd6-GFP from the GC, which was stained with an anti-Pescadillo antibody [33] and from the DFC, as stained with an anti-fibrillarin antibody [34] (Figures 3B-3G) . In contrast, in the FC we observed co-localization of 338-403-Jmjd6-GFP with UBF ( Figures 3H-3J ) [34] . PolySA-Jmjd6 showed a similar distribution ( Figure 4A ). Its co-staining with UBF was maintained in mitosis, when it accumulates at distinct chromosomal sites, the NORs (nucleolar organizer regions) [35] . This was not observed for full-length Jmjd6-GFP ( Figure 4A) .
Jmjd6 lacking the polyS domain also accumulates in interchromatin granules, which we counterstained with the SC35 antibody ( Figure 4B ). These SC35-positive speckles are dispersed at the beginning of mitosis, and in metaphase they concentrate in one to three so-called MIGs (mitotic interchromatin granules) [36] . PolySA-Jmjd6 remains associated with these granules in metaphase; this association was not observed for full-length Jmjd6 ( Figure 4B ).
Jmjd6 shuttles between the nucleoplasm and the nucleolus
To investigate the kinetics of Jmjd6 shuttling between the nucleoplasm and nucleoli, we used fluorescence bleaching coupled to live cell imaging. The results of FRAP and FLIP experiments indicate bidirectional shuttling of Jmjd6 between the nucleoplasm and nucleoli. After bleaching the nucleoli, fulllength Jmjd6-GFP and polySA-Jmjd6-GFP were both recovered in the nucleoli. Recovery of full-length Jmjd6-GFP was complete within 10 s, with a half-life of ∼ 2 s. PolySA-Jmjd6-GFP was recovered within 30 s, with a half-life of 6 s ( Figures 5A and 5B). When we constantly bleached a region in the nucleoplasm in FLIP experiments, we observed a decrease in fluorescence in the nucleolus, again in both cases (full-length and polySA-Jmjd6). A total of 50 % of polySA-Jmjd6-GFP fluorescence was lost within approximately 70 s, whereas Jmjd6-GFP fluorescence decreased by 50 % within 20 s (Figures 5C and 5D ). These experiments indicate that both Jmjd6 and polySA-Jmjd6 shuttle rapidly between the nucleoplasm and the nucleolus. The association of the protein with the nucleolus appears stronger when the polyS domain is deleted.
Nucleolarly targeted Jmjd6 interacts predominantly with nucleolar proteins
Previous tandem-affinity purification and MS analysis of wildtype full-length Jmjd6 had revealed 39 interaction partners, (A) The nucleolar fraction of the polySA-Jmjd6-GFP co-localizes with anti-UBF antibody staining in interphase nuclei and is therefore enriched in the fibrillar center of the nucleolus. This co-localization is maintained throughout mitosis, whereas the full-length (FL) Jmjd6 is evenly distributed throughout the cell in mitosis. (B) Transiently overexpressed GFP-tagged full-length Jmjd6 partially co-localizes with anti-SC35 staining in interphase HeLa nuclei, whereas the polySA-Jmjd6 accumulates in nucleoplasmic SC35-positive speckles. In mitosis, full-length Jmjd6 is evenly distributed throughout the cell. In contrast, the polySA-Jmjd6 co-localizes with MIGs. (A and B) DNA stained with TO-PRO3. Scale bars, 5 μm. with 10 % of the proteins being linked to the nucleolus [4] . In order to specifically analyse the nucleolar Jmjd6 interactome, we carried out a GFP-pulldown experiment with polySA-Jmjd6-GFP, coupled to proteomic analysis. As a result we identified 118 proteins as potential interaction partners of polySA-Jmjd6. Approximately 67 % of those were associated with nucleolar function, including ribosomal and ribosome-associated proteins. In contrast, a pulldown with wild-type Jmjd6 delivered only ∼ 15 % of proteins associated with the nucleolus, but ∼ 45 % linked to RNA processing. The Jmjd6 substrate U2AF65 [4] was identified in both pulldowns ( Figure 6 ).
These results demonstrate that a fraction of Jmjd6 is present in nucleoli, where they engage in protein interactions with other nucleolar proteins. Strikingly, the amount of nucleolar Jmjd6 was influenced dramatically by the presence/absence of the polyS domain.
Jmjd6 oligomerizes in vivo and in vitro
Previous work has suggested the formation of Jmjd6 oligomers in nuclear lysates from mammalian cells [20] [21] [22] . When we immunoprecipitated endogenous Jmjd6 from HeLa cells with an anti-Jmjd6 antibody and subjected it to SDS/PAGE and Western blotting, we observed, in addition to a band corresponding to monomeric Jmjd6 at 55 kDa, further bands corresponding to dimeric (120 kDa) and oligomeric (>170 kDa) forms ( Figure 7A ). Next, we tested full-length and various truncated and mutated Jmjd6 proteins for self-interaction in co-IP experiments. We subjected HEK-293T cells expressing GFP-tagged Jmjd6 and HA-tagged Jmjd6 to anti-GFP pulldown and SDS/PAGE and assayed for co-IP of Jmjd6-HA. Full-length Jmjd6, 338-403-Jmjd6 (lacking the polyS region), a mutant where the polyS region is replaced by three alanine residues (polySA-Jmjd6) and a catalytically inactive form of Jmjd6, Jmjd6 (H187A/D189A) [4] , all bound to full-length Jmjd6 in such co-IP experiments (Figures 7B-7F) . These results are in agreement with the proposal that two internal α-helical regions (residues 61-68 and 322-334) are responsible for Jmjd6 homodimerization, as predicted by crystallographic analysis [19] .
To confirm that Jmjd6 interacts with itself in vivo we employed a F2H assay. For this, a Jmjd6-RFP-lac-repressor fusion protein is tethered to a genomic region with stable incorporation of several thousand copies of the lac-operator sequence [26] . In the case of the interaction of Jmjd6-GFP with this fusion protein, RFP and GFP signals appear in the same spot. This assay reveals self-interaction both for full-length Jmjd6 and the enzymatically inactive Jmjd6 variant (H187A/D189A) ( Figures 7G-7R) .
In order to test whether oligomeric or monomeric Jmjd6 prevails in cell lysates, we combined native PAGE and SDS/PAGE Figure S1C) . In contrast, denaturing the samples before SDS/PAGE resulted in mainly monomeric Jmjd6 (Supplementary Figure S1D) . These data indicate that oligomeric forms of Jmjd6 exist in cells and that these oligomers are most likely not irreversibly covalently linked.
BIFC assays visualize protein-protein interactions within cells in the subcellular structures where they occur [30] . When applied to Jmjd6 fused to either of two halves of YFP, we found a strong YFP signal in the nucleus, again supporting self-interaction of Jmjd6 in the nucleoplasm (Supplementary Figure S2 at http:// www.biochemj.org/bj/453/bj4530357add.htm). In addition, a BIFC signal was observed in the nucleolus, suggesting a nucleolar localization of oligomeric Jmjd6.
Jmjd6 oligomer structure depends on the presence of the polyS domain
Initial analytical SEC analysis predicted that purified recombinant full-length His-tagged human Jmjd6 protein formed higher molecular mass species (results not shown). In order to obtain higher resolution information on Jmjd6 oligomers, we performed TEM. Full-length and two C-terminally truncated His-tagged Jmjd6 versions ( 343-403-Jmjd6, lacking the polyS region and 363-403-Jmjd6, including the polyS region but lacking the C-terminus) ( Figure 8A ), were expressed in and purified from E. coli and analysed by negative staining. Full-length Jmjd6 was observed to form rings as shown in the TEM micrographs ( Figures 8B-8E ). For image analysis, 3122 particles were selected which were distributed into groups of 10 and 30 classes. Two interesting classes were analysed; a tetramer of dimers with a diameter of 117 + − 15 Å to which four-fold symmetry was imposed ( Figures 8C and 8D ) and a class forming a higher oligomeric ring ( Figure 8E ) with a diameter of 161 + − 15 Å (symmetry difficult to establish). In contrast, the C-terminally truncated His-343-403-Jmjd6 construct lacking the polyS region showed formation of filament-like structures (as shown in Figure 8F ). Aligning the images in order to identify common features among these filaments (results not shown) suggested that there is no clear organization of the protein inside these filaments. TEM analysis of His-363-403-Jmjd6, which includes the polyS domain, showed that this again formed oligomeric rings (Figures 8G-8K ). Image analysis was carried out by aligning 4194 particles and classifying them into 10-30 classes. This showed that oligomers of 363-403-Jmjd6 probably exist in two classes: a tetramer of dimers 116 + − 15 Å (Figures 8H and 8I ) and a heptamer of dimers with a diameter of approximately 153 + − 15 Å (Figures 8J and 8K ).
In summary, these TEM data reveal that 343-403-Jmjd6 lacking the polyS domain forms filamentous structures, whereas Jmjd6 versions with an intact polyS domain form oligomers with ring morphology. Thus the polyS domain is either necessary for the formation of Jmjd6 oligomer rings or it blocks filament formation. Overall, the results clearly demonstrate that the polyS domain can have a regulatory influence on the oligomeric structure of Jmjd6 in vitro.
DISCUSSION
The Fe(II)-and 2OG-dependent oxygenase Jmjd6 has been proposed to play important functions in splicing [2, 4] , due in part to its ability to hydroxylate lysine residues in U2AF65. In the present study we demonstrate that Jmjd6 may also have a function in the nucleolus. A version of Jmjd6 which is enriched in the nucleus has been found to interact with nucleolar proteins. These were mainly ribosomal proteins; however, multiple proteins involved in rRNA processing were also present. It is possible that due to the strong interaction of ribosomal proteins with rRNA, the bulk of precipitated proteins did not directly interact with Jmjd6. However, a nucleolar function of Jmjd6 is also suggested by its specific localization in the FC of the nucleolus, where transcription of rDNA by RNA polymerase I takes place [34] . FRAP and FLIP analyses reveal that shuttling of Jmjd6 between nucleoli and nucleoplasm is rapid as described for other proteins involved in rRNA transcription and processing. In contrast, ribosomal proteins move much slower in and out of the nucleolus [37, 38] . These results suggest functional association of Jmjd6 with the RNA processing machinery in the nucleolus. Pre-rRNA transcripts are spliced and matured by snoRNPs (small nucleolar ribonucleoproteins) [34] . Several SR (serine-arginine)-rich proteins, for instance the Jmjd6 substrate U2AF65, are also reported to be present in the nucleolus [39] . However, owing to the co-localization with the transcription factor UBF and because for some other 2OG oxygenases multiple protein substrates have been described [40] , it is also possible that Jmjd6 has other non-splicing-associated substrates in the nucleolus. It is notable that recently two other human 2OG oxygenases with a preferred nucleolar localization have been reported to hydroxylate ribosomal proteins [41] .
In accordance with the Jmjd6 crystal structure proposing two internal α-helices as an interface for dimerization [19] several lines of evidence support the idea that Jmjd6 forms oligomers or at least dimers in cells. Oligomerization was demonstrated both for the wild-type Jmjd6 as well as the C-terminally deleted mutations lacking the polyS domain. In the BIFC assay, Jmjd6 interaction with itself was seen in both the nucleoplasm and in the nucleolus. Jmjd6 has been shown to self-hydroxylate two internal lysine residues, Lys 111 and Lys 167 [42] . In our experiments, interaction of Jmjd6 with itself and ring formation in vitro were also possible with active site mutants of Jmjd6, indicating that selfhydroxylation of Jmjd6 was not required. However, both Lys 111 and Lys 167 are part of a flexible loop and therefore might be involved in regulating the stability of an oligomeric structure.
The observed ring-like structures of Jmjd6 display similarity with protein complexes involved in RNA metabolism. Proteins adapting such ring structures include the exosome complex and the SM and LSM (SM-like) protein families [43] . Human SM proteins build a heteroheptameric ring-like complex, which binds to a conserved site found in single-stranded regions of snRNAs (small nuclear RNAs) [44, 45] . The SM ring is established around the RNA molecule in the cytoplasm via a dedicated pathway, and then transferred to the nucleus to act at the centre of snRNPs in pre-mRNA splicing [46] . A direct interaction with RNA occurs through RNA-binding sites within flexible loops facing the central pore of the SM ring [47] . LSM proteins also form heteroheptameric rings, but can assemble in the absence of RNA molecules [48] . The LSM rings bind, also via the central pore, to U6 snRNA [48] . Jmjd6 forms homo-oligomeric rings without the obvious presence of RNA. However, experimental evidence suggests that Jmjd6 interacts with RNA; Hong et al. [10] reported binding of a random 27 nt single-stranded RNA molecule to recombinant full-length Jmjd6 in EMSAs. The size of the central pore in wild-type Jmjd6 rings is approximately 10-18 Å and thus would allow passage of ssRNA.
The results of the present study suggest that alternative splicing of the Jmjd6 pre-mRNA may at least in part contribute to enrichment of Jmjd6 in the nucleolus. The fact that the antibody ab10526 fails to recognize the bulk of nucleolar Jmjd6 stained with two other anti-Jmjd6 antibodies indicates that its C-terminal epitope (residues 364-372 [20] ) could be missing from nucleolar Jmjd6. Alternatively spliced versions of Jmjd6 exist in mouse tissue and are predicted to occur in humans [7] . We confirmed that HeLa cells express a version of Jmjd6 where the alternative exon 5 is included and a polyadenylation signal in intron 7 is used. This changes the reading frame of exon 6 leading to translation of a C-terminal sequence without a polyS domain ( Figure 2F ). When ectopically expressed in HeLa cells this translation product was found in nuclear speckles and in the nucleolus.
On the other hand, full-length Jmjd6 can also be found in the nucleolus. Use of ab10526 consistently reveals a weak signal in the nucleolus and a small proportion of full-length Jmjd6-GFP can also be found in the nucleolus. Moreover, our FLIP and FRAP experiments reveal that full-length Jmjd6 shuttles between the nucleolus and the nucleoplasm. To what extent this involves the polyS domain, including via post-translational modifications, requires further investigation.
The polyS domain in Jmjd6 is highly conserved in the animal kingdom. A previous study identified 59 proteins with polyS regions in the human genome; it is proposed that replicative slippage at the DNA level was most likely responsible for their facile evolution [8] . In the case of Jmjd6, clear evidence for evolutionary selection of the polyS domain was presented [8] . This conclusion suggests that the function, and related structure, of the Jmjd6 polyS domain are probably also conserved. It is unclear if our proposed role for the polyS region of Jmjd6 applies to other polyS-containing proteins; however, SRrp37 possesses a polyS domain and has a dual localization in nuclear speckles and in the nucleolus [12] . On the other hand, deletion of the polyS region in the RNPS1 protein did not result in an obvious change in localization after overexpression in HeLa cells [13] . Moreover, 30 consecutive serine residues fused to YFP did not display a specific localization pattern in COS-7 cells [49] .
The importance of the polyS domain of Jmjd6 for both oligomeric structure and nuclear/nucleolar shuttling is striking. We propose that the substantial differences in structure are functionally related to the dramatically different behaviours of Jmjd6 variants with or without polyS domains within the nucleus. 
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